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ARTICLE INFO ABSTRACT

Keywords: The welding process induces residual stresses because of the non-uniform heating and cooling
T-joint of the material. Residual stresses are known to influence fatigue crack growth. However, studies
Residual stress addressing both the formation of residual stress — giving a realistic multi-directional stress and

Welding simulation

. . strain field — and redistribution of residual stresses due to crack growth in the case of a surface
Fatigue crack propagation

Fracture mechanics crack have not been found. The extended finite element method was employed in this study

LEFM to evaluate the stress intensity factors of a planar, growing crack in a welded T-joint with and

XFEM without welding induced residual stresses. The initial residual stress field was taken from a
welding simulation using the finite element method. The redistribution of the residual stress
field due to crack growth was studied in addition to the shape and growth rate of the planar
crack. The study shows that, in agreement with experimental evidence, the external stress ratio
has a significant influence in the absence of residual stress but it does not have a significant
influence in the presence of residual stress. The current study gives insight into the cause of
this observation.

1. Introduction

Many steel structures are subjected to cyclic loading, which can result in fatigue crack initiation and growth. These cracks often
originate from welded connections at stress concentration sites [1,2]. The welding process causes the formation of residual stresses,
which influence the crack initiation and propagation [3-7]. These residual stresses develop during the non-uniform heating and
cooling of the weld and adjacent material, affecting the mean stress during cyclic loading [8]. While methods exist for relieving [9]
or modifying [10] residual stresses, implementing these approaches adds to overall manufacturing costs and may be impractical
for large components. Under certain conditions, predicting the fatigue life of a specific joint can be improved by simulating fatigue
crack growth in a residual stress field obtained through simulating the welding process [3,6,11].

T-joints are used to connect two steel plates in perpendicular planes. In the case of a T-joint, the residual stresses along the
weld toe show a certain hat-shape curve for both the longitudinal (parallel to the weld) and transverse (perpendicular to the weld)
directions, with the region halfway the length in tension [5,6,12,13]. A high local stress ratio is generally detrimental for fatigue [14].
Therefore, even if the external cyclic loading is in compression, the combined effect of cyclic loading and transverse residual stresses
may induce tension, which enhances the nucleation and propagation of fatigue cracks. Various researchers have simulated fatigue
crack propagation in T-joints under the influence of residual stresses [3—-6]. Residual stresses in the vicinity of the crack tend to
redistribute as the crack propagates [4,5,11,15]. The redistribution of the welding-induced residual stresses due
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Nomenclature

Latin symbols

Greek symbols

Ao
AK
AK;
AK;;
4K

Crack propagation rate

Crack depth

Half width of the double ellipsoid heat source
Empirical constant of Paris equation

Half crack length

Front length of the double ellipsoid heat source
Rear length of the double ellipsoid heat source
Depth of the double ellipsoid heat source

Heat deposition fraction of the front part of the heat source

Heat deposition fraction of the rear part of the heat source
Stiffener height

Weld height

Amperage

Stress intensity factor

Maximum stress intensity factor

Minimum stress intensity factor

Stress intensity resulting from the residual stress and the maximum value of the external loading
Stress intensity resulting from the residual stress and the minimum value of the external loading

Specimen length

Empirical constant of Paris equation

Power input

Power density distribution at the front of the heat source
Power density distribution at the rear of the heat source
Externally applied stress ratio

Radius of the plastic zone at the crack front

Effective stress intensity factor ratio

Temperature

Base plate thickness

Stiffener thickness

Voltage

Welding speed

Base plate width

Weld width

Local X-coordinate of the crack

Local X-coordinate of the heat source

Local Y-coordinate of the heat source

Local Z-coordinate of the crack

Local Z-coordinate of the heat source

Stress range

Stress intensity factor range

Mode I stress intensity factor range
Mode II stress intensity factor range
Mode III stress intensity factor range
Change in number of loading cycles
Welding efficiency

Empirical constant of Walker equation
Maximum applied stress

Minimum applied stress

Nominal stress in X-direction
Nominal stress in Y-direction
Projected ellipsoidal angle
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Acronyms
BP Base plate
FEM Finite element method
LEFM Linear elastic fracture mechanics
MAG Metal active gas
RS Residual stress
WFM Weight function method
XFEM Extended finite element method
Thermal Mechanical Crack growth
—> —>
model model model
Input ) ( Input ) ( Input h
e Thermal load e Boundary conditions e Boundary conditions
e Thermal material e Mechanical material e Mechanical material
properties properties properties
Output e Thermal history e Mechanical load
e Thermal history Output
- ~ P . e Initial crack
L e Residual stress field )
e Residual stress field
Output
e Redistributed
residual stress field
e Crack evolution

Fig. 1. Modelling approach.

to crack growth has been studied experimentally and numerically by Liljedahl et al. [16,17] for a through-thickness crack. The
results showed an increase in residual stresses at the crack front as the crack grows compared to the residual stress field of the
uncracked body. However, studies addressing both the formation of residual stress — giving a realistic multi-directional stress and
strain field — and redistribution of residual stresses due to crack growth in the case of a surface crack have not been found. This
paper describes a finite element simulation of a welding process aimed at predicting the welding-induced residual stresses in a
fillet-welded T-joint. The current model represents a detail of a welded attachment oriented perpendicular to the main loading
directions, which is often applied in bridges. The T-joint geometry (length, base plate thickness, and base plate width) have been
varied to study their influence on residual stresses. Verification and validation of the finite element model of the welding process
was conducted by comparing residual stresses with finite element results and experimental measurements, respectively, from various
studies [18-22]. Subsequently, stepwise crack propagation due to an external cyclic load was simulated using XFEM in Abaqus/CAE
2022 in which residual stresses were included. The influence of residual stresses on crack growth was studied and the redistribution
of these residual stresses due to crack growth are presented.

2. Methods and models

Fig. 1 illustrates the modelling approach, depicting the input and output utilised for each model. The welding procedure was
modelled using a sequential thermal-mechanical analysis in Abaqus/CAE 2022. The thermal model included the thermal history
where the heat, generated by the welding process, was simulated and distributed through the structure by conduction and dissipated
to the surroundings through radiation and convection. This thermal history was imported into the physically non-linear mechanical
model to obtain deformations and residual stresses. These residual stresses were subsequently applied as an initial condition in the
physically non-linear XFEM model, where a small initial crack was inserted and subjected to cyclic loading to assess crack growth
and the redistribution of residual stresses. Further elaboration will be provided in Sections 2.1, 2.2 and 2.3.

2.1. General model description

The T-joint consists of a stiffener and a base plate made of S355, welded together by two single-pass fillet welds. The welding
passes were applied in reversed direction, as indicated in Fig. 2. A gap of 0.5 mm between the stiffener and the base plate was
incorporated into the model to account for fabrication tolerances and to ensure that the stiffener and base plate were only connected
through the welds. The model of the T-joint is depicted in Fig. 3. The coordinate system’s origin was located on the top surface of
the base plate, halfway between the width and length of the specimen. The X-axis was aligned with the specimen’s length, the Y-axis
with its width and the Z-axis with its height. The remainder of the dimensions of the models as well as the boundary conditions are
discussed in Section 3.
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X
T
Hy] - Y
Stiffener
Base plate
Loading direction

Fig. 2. T-joint geometry.

An element nodal distance of 2.5 mm and 5 mm were used for the weld region and the region outside the weld, respectively, in
both the thermal and mechanical models. A refined mesh with an element nodal distance of 1.25 mm was used for the thermal model
and mechanical model in the region around the welds. The element nodal distance outside this region was 5 mm (see Fig. 3(a)).
The residual stress field from the mechanical model was mapped on the more refined mesh in the crack growth model, containing
the uncracked body, with an element nodal distance of 0.2 mm (see Fig. 3(b)). The residual stresses where compared before and
after mapping to ensure the mapping did not introduce any deviations in the residual stresses. Tie constraints were applied between
regions with different meshes to ensure compatibility of temperature and displacement fields at the boundaries. Linear volume
elements with full integration were used for the models using type DC3D8 for the thermal model and type C3D8 for the mechanical
model. Enriched linear volume elements with full integration of type DC3D8 were used for the crack growth model. Fig. 3(c) presents
the cracked elements (blue shaded area) in the enriched region, containing the fined mesh with an elemental nodal distance of
0.2 mm, for a crack growth analysis of the current study. Full integration was used instead of reduced integration for more accurate
stress computation of the highly distorted elements in the weld region. A mesh sensitivity study was performed to determine an
appropriate element size for all models discussed in Sections 3.1, 3.2 and 3.3.

The conductivity, density and coefficient of thermal expansion were adopted from [23]. The specific heat can reach very high
values at certain temperatures for which a simplified curve is usually implemented in weld process simulations. A comparison was
made among the specific heat curves of various researchers [19,23-27], each using different peak values at phase transformations.
The specific heat curve was adopted from Peri¢ et al. [19]. However, due to significant differences reported, a sensitivity study
was conducted. The adopted material properties are presented in Fig. 4. The Stefan-Boltzmann constant (5.672 - 1078 W m~2 K~4)
was included and the emissivity and heat transfer coefficient were set to 0.9 and 10 W m~2 K1, respectively, following Peri¢
et al. [19]. The surrounding temperature was set to 20 °C. Phase transformations were not included in the simulations as it has
shown to have minor influence on the residual stress for loosely supported specimens. Note that phase transformations influence
the thermal deformations and therefore also the residual stress in the case the specimen is constrained [28]. The Young’s modulus
and Poisson’s ratio were adopted from [23]. The true stress—strain curves utilised in the model were adopted from [23], where they
were experimentally determined for various temperatures. Isotropic hardening was used, maintaining a small positive slope beyond
the tensile strength. The resulting stress did not exceed the plastic strain of 0.2 in any Gauss point. These curves are depicted in
Fig. 5. A distinction between the properties of the base material, heat affected zone and weld was not made.

2.2. Welding simulation

The finite element models of the current study simulate the spray transfer MAG welding process, commonly used for the selection
of plate thicknesses considered in this study. Various models have been proposed in the literature to simulate the welding heat
source. Rosenthal [29,30] and Rykalin [31] proposed a concentrated source while Pavelic et al. [32] proposed a distributed source
with a Gaussian distribution. The current study adopted the double ellipsoidal heat source distribution proposed by Goldak [33].
Egs. (1)—(3) provide the power density distributions for the distributions in front and at the rear of the heat source, denoted with
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(b) Mesh used in the crack growth analysis.
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(c) Cracked elements in enriched region.

Fig. 3. Isometric view of the model.

—+— Conductivity (-102) [W/(m - K)]
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—o— Density (-10%) [kg/m®]
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L /A | | —=— Poisson’s ratio [-]
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Property
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Temperature [°C]

Fig. 4. Temperature dependent material properties.
Source: Data from [19,23].

q; and g,, respectively. A local travelling coordinate system (X, ,, Y, , and Z; ,) was adopted, with the torch as the origin. Fig. 6
visualises the Goldak double ellipsoid [33].

6-V3-7 N
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6-43- _3. Xehvo, Yeny, ZLho
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Q=n-U-1I 3

In these equations, the power input (Q) was described as the product of the efficiency (), voltage (U) and amperage (I). Typical
values for MAG welding procedure were adopted from [34]. The shape of the double ellipsoid heat source was determined by
the half-width (), depth (d) front length (c¢;) and rear length (c,). These shape parameters are typically derived from weld pool
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Fig. 5. Stress strain curves for various temperatures.
Source: Data from [23].
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Fig. 6. Goldak heat source model.

measurements [35]. The heat deposited fractions for the front and rear parts, denoted as f; and f, respectively, were described by
fi= 012%62, = Clzizc [36]. Section 3 gives the selected values. The heat source was rotated 45° with respect to the global X-axis.

The heat source was applied using the Dflux subroutine in Abaqus/CAE 2022. The birth/death principle, as described in [37-39],
was applied in the simulation to account for the added filler material during the welding process. Initially, all elements describing
the welds were deactivated. They were then activated incrementally as the heat source passed through. To limit computational
expenses, activation occurred for a batch of elements simultaneously. Ten increments per weld pass were used to reactivate the
elements in the weld. The elements of the next weld increment were introduced when the heat source was at the beginning of that
particular increment. Tack welds are often applied before creating a long fillet weld, serving as constraints for the final welding
procedure. In some of the simulations, tack welds were modelled in an approximate way by activating the elements of the first and
last weld increment of each pass before applying the heat source. Fig. 7 illustrates the birth/death principle with the travelling heat
source.

2.3. Crack growth simulation

While the total fatigue life of the structure comprises the crack initiation stage, short crack growth stage and the long crack
growth stage, the current research was focused on the long crack growth stage only. As a result, the effect of the residual stresses
on the shape of the crack, as well as the redistribution of these stresses during the stages preceding the long crack growth, were not
considered. The crack was inserted at the location of the highest transverse residual stress along pass 1 (see Fig. 2) of the reference
case indicated in Section 3.2. This was located at an X-coordinate of —56.25 mm, as can be seen in Fig. 16. The von Mises stresses at
the location of the crack were investigated to support the use of linear elastic fracture mechanics. Only a small region close to the
crack front was above yielding and this region was small compared to the crack size, to such an extent that the generally accepted
condition for linear elastic fracture mechanics analysis was satisfied. For the entire crack growth analysis, the radius of the plastic
zone around the crack front was analysed. In the case of maximum stress intensity factor, this analysis revealed that the ratio of
the radius of the plastic zone at the crack front to the crack depth remained below 1/8 (i.e. r,/a < 1/8), which supports the use
of linear elastic fracture mechanics. An initial crack with a semi-elliptical shape, as illustrated in Fig. 8, was subsequently inserted
with a crack depth (a) and crack length (2¢) of 0.75 mm and 3 mm, respectively. The crack was located in the base plate at the
weld toe and oriented in the XZ-plane using the coordinate system presented in Fig. 3. The extended finite element method (XFEM)
was used in which stationary cracks were assessed. The stress intensity factors were carefully analysed, revealing convergence for
contours 2 through 10, from which the mean average was used. Fig. 9 shows the evolution of the stress intensity factor range of
each mode throughout the crack growth analysis for the deepest point of the crack (i.e. # = 90°). From this figure it is concluded
that the studied crack was dominated by Mode I, therefore Modes I1 and 111 were neglected in the analysis.
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(a) Tack welds only. (b) Step 1. (c) Step 2. (d) Step 3.

(e) Step 4. (f) Step 5. (g) Step 6. (h) Step 7.

(i) Step 8. (j) Step 9. (k) Step 10.

Fig. 7. Welding simulation steps of Pass 1 with temperature distribution indicated by contour plots.

2c

XL,c

ZL,L’

Fig. 8. Illustration of surface crack.

-
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+AK"1

08¢ &—0—0 &858 =4
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Number of cycles -10° [-]

Fig. 9. Stress intensity factor range for each mode at the deepest point of the crack throughout the crack growth analysis.

The minimum stress intensity factor (K,,,) was described by the stress intensity factor resulting from the residual stresses and
the minimum value of the external loading, as presented in Eq. (4). The maximum stress intensity factor (K,,,,) was described
by the stress intensity factor resulting from the residual stresses and the maximum value of the external loading, as presented
in Eq. (5) [11,17,40]. The effective stress intensity factor ratio R, 1 Was defined as the minimum stress intensity factor K, divided
by the maximum stress intensity factor K,,,,, as shown in Eq. (6). The externally applied stress ratio R was defined as the minimum
applied stress o,,, divided by the maximum applied stress o,,,,, as shown in Eq. (7). Finally, the stress intensity factor range AK
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Fig. 10. T-joint model with loading conditions.

was defined as the difference between K,,,, and K,,;,, as shown in Eq. (8).

Kinin = KRS+L,,”.,, 4
Konax = KRs+1,,, (5)
K, .
R — min (6)
Eff Kmax
R= O min (7)
O_max
AK = Kmax - Kmin (8)

The Walker equation [41] was selected to take into account the stress ratio on the crack propagation rate, following Eq. (9).

da _ ) AK; "
- =C [—(1 _ Reff)l_y] 9)

The empirical constants from the Paris equation [42] were adopted from the BS7910 [43], i.e. C = 3.98 - 107! and m = 2.88.
The constant y in the Walker equation was selected as 0.76, following [44]. The base plate was loaded at the surfaces indicated in
Fig. 10 with a stress range of 100 MPa with an external stress ratio of 0.

In order to study fatigue crack propagation behaviour, a stepwise crack growth analysis was performed using a discrete number
of steps, each involving 4n = 100,000 load cycles, where the crack front was updated in each step. A 2nd order polynomial was
fitted through the coordinates of each crack front node and its two adjacent nodes. The crack front node was assumed to propagate
normal to this 2nd order polynomial at the location of the centre node. This process was repeated for each crack front node to
obtain the new crack shape. The new (updated) crack front was subsequently smoothed by regression using a 6th order polynomial
involving the coordinates of all extended crack front nodes. The process of updating the crack front is illustrated in Fig. 11. During
the crack growth analysis, the stress intensity factors were analysed to ensure that the difference with the stress intensity factors of
the previous crack remained smaller than 5%. A local coordinate system (X . and Z; .) was used which was placed at the surface
point halfway the length of the crack.

3. Results
3.1. Verification and validation of residual stress simulations

The thermal and mechanical models, used for obtaining welding-induced residual stresses, were validated by comparing the
resulting residual stress with those from other experimental and numerical studies [18,19,21]. Other studies [22,45] were not
included because of incomplete information on geometry or weld parameters. Welding parameters (welding speed v, voltage U
and electric current I) and geometrical parameters were adopted from each study, see Tables 1 and 2, respectively. Tack welds
were not modelled in the models for validation.

Fig. 12 presents the locations where the residual stresses are presented in this section. Path 1 and 2 are located halfway along
the length of the specimen, with path 2 situated at the surface of the base plate closest to the attachment, while path 1 is located
on the opposing side.

Bhatti et al. [18] conducted a welding experiment on a T-joint of steel grade S355. The gas metal arc welding (GMAW) process
was used and welding of Pass 2 was performed in the opposite direction of Pass 1, as indicated in Fig. 12. To prevent movement
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(c) New positions corresponding to initial crack data points. (d) New crack geometry.

Fig. 11. Incremental crack growth methodology for planar surface cracks.

Table 1
Overview geometrical properties, see Fig. 2 for symbols definition.
Ref. L w H Ty Ty Hy, Wy,
[mm] [mm] [mm] [mm] [mm] [mm] [mm]
Bhatti [18] 130 300 50 6 6 6 6
Peric [21] 500 300 300 10 10 7 7
Peric [19] 350 150 150 15 15 10 10
Table 2
Overview welding parameters.
Ref. n v U I
-] [mm/s] vl [A]
Bhatti [18] 0.85 8.30 30 290
Peric [21] 0.83 6.67 29 270
Peric [19] 0.85 6.73 41 540

Fig. 12. Locations along which residual stresses are presented for validation.

during welding, the edge closest to the first weld pass was clamped. Residual stresses were measured in the transverse direction
(perpendicular to the welding direction) using X-ray diffraction along path 2 (as per Fig. 12). Zhu et al. [20] conducted a numerical
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Fig. 13. Validation of welding-induced residual stresses along path 2, as per Fig. 12.
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—— Peri¢ EXP hole drilling [19] —— Peri¢ EXP hole drilling [19]
—o— Peri¢ FEM [19] —e— Peri¢ FEM [19]
—&— Current model —=— Current model
(a) Transverse residual stresses following [19]. (b) Longitudinal residual stresses following [19].

Fig. 14. Validation of welding-induced residual stresses along path 1, as per Fig. 12.

study and validated their results with the experimental measurements from Bhatti et al. [18]. Fig. 13(a) presents the residual stress
resulting from the experiment and from the numerical simulations.

Peri¢ et al. [21] conducted a welding experiment on a T-joint of steel grade S355. Metal active gas (MAG) welding was used
and Passes 1 and 2 were again applied in opposite directions. While no movement restrictions were specified in the experiments,
translation restrictions were modelled at all 4 corners of the base plate as per Figure 1 of [21]. Although residual stresses were
not measured, a finite element model was composed by Peri¢ et al. [21] from which the longitudinal residual stresses (in welding
direction) along path 2 (as per Fig. 12), were extracted and reported. Rong et al. [13] conducted a similar finite element analysis
using the conditions from [21]. Fig. 13(b) presents the residual stresses resulting from the experiment and the simulations.

Peri¢ et al. [19] conducted a welding experiment on a T-joint of steel grade S355. The plates were not restricted from deformation.
The plates were welded using the submerged arc welding process and Passes 1 and 2 were again applied in opposite directions.
Surface residual stresses were measured using X-ray diffraction and hole drilling method at the bottom surface of the base plate,
halfway the specimen length (along path 2, as per Fig. 12). Both the transverse and the longitudinal residual stresses were measured.
The results are presented in Figs. 14(a) and 14(b).

10
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Table 3

Overview geometrical properties with the reference values within brackets, see Fig. 2 for symbols definition.
L w H Ty Ty H,, Wi,
[mm] [mm] [mm] [mm] [mm] [mm] [mm]
100-300 (200) 100-300 (100) 50 10-30 (10) 5 6 6

Table 4

Welding variables with Goldak heat source parameters with the reference values within brackets, see Fig. 6 for
symbols definition.

b d < c n U 1 v

[mm] [mm] [mm] [mm] [-] [Vl [A] [mm/s]

3 3 3 6 0.8 25 250 6.67
Table 5

Welding variables utilised in the sensitivity study towards the base plate thickness, see Figs. 2
and 6 for symbols definition.

Ty U I v
[mm] i [A] [mm/s]
10 25 250 6.67

20 27 270 8.00

30 29 290 10.00

Fig. 15. T-joint model with boundary conditions.

The simulation results of the current model have been added to Figs. 13 and 14. A reasonable agreement follows between the
experiment and the numerical simulations. Given these observations, the current model was considered appropriate for further
analyses.

3.2. Sensitivity study

A sensitivity study was conducted to assess the influence of the geometrical parameters. Tables 3 and 4 provide the reference
values used in the current study. The double ellipsoid parameters of the Goldak heat source [33], corresponding to the size of the
weld following [35], are illustrated in Fig. 6. The values presented within brackets represent the values used for the reference model.
Tack welds were modelled in the following models, as explained in Section 2.2. The interpass time was set to 200 s and a cooling
time of 5000s was applied after finishing the second weld pass to ensure sufficient cooling for the formation of residual stresses.
One pass was considered on both sides of the T-joint for all simulations in the order as illustrated in Fig. 2. In the sensitivity study
towards the base plate thickness, different welding parameters were used to maintain realistic welding scenarios. The corresponding
parameters are presented in Table 5.

The plates were considered unconstrained (e.g. unclamped) during the welding procedure. Therefore, minimal boundary
conditions were applied in the mechanical model to prevent rigid body translation and rotation. The reaction forces were checked
to be close to ON. Fig. 15 presents the applied boundary conditions.

Fig. 16 presents the results of the sensitivity study in terms of the transverse residual stress along the weld toe of Pass 1 (as
indicated in Fig. 2). A clear influence of the connection geometry is demonstrated. Increasing the base plate thickness and width led
to higher constraints during weld shrinkage which resulted in higher residual stresses. The peak residual stresses in case of a base
plate thickness of 30 mm were two times higher compared to a base plate of 10 mm. Similar as observed by [18,21], where a base
plate width of 300 mm was used, relatively high tensile stresses were obtained halfway the specimen length. Varying the specimen
length led to a change in location of peak stresses. The peak tensile residual stress was located at 25% and 17% of the plate edges
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Fig. 16. Transverse residual stress at the weld toe of Pass 2 for the sensitivity study (BP = Base plate).

for the case of a specimen length of 300 mm and 200 mm, respectively. In the case of a length of 100 mm, the peak tensile residual
stress was found halfway the length.

3.3. Crack growth in residual stress field

The geometrical and welding parameters listed in Tables 3 and 4 were used in the analysis presented in this section. Figs. 17(a)
and 17(b) show the resulting crack growth without and with welding-induced residual stresses, respectively. A stress ratio of the
externally applied load equal to R = 0 was used for both cases. The results are presented for each 2nd crack increment, starting
from the initial crack and ending at increment 10, where each increment consists of 100,000 loading cycles.

After 14 increments, the growth in depth direction and the growth in length direction in the simulation with the effects of
welding-induced residual stresses were 286% and 473% larger respectively, compared to those of the simulation without residual
stress. Additional simulations were run for external stress ratios of R = 0.5 and R = —1 without residual stress and for external stress
ratios of R = —1 with residual stress. Fig. 18 presents the cumulative number of cycles plotted against the crack length and crack
depth for the aforementioned simulations. The impact of residual stresses on the crack length and depth is significant. Only the
simulation without residual stresses, using an external stress ratio of 0.5, approximated the crack growth observed in simulations
with residual stresses.

Fig. 19 presents the crack growth curves for the analyses with and without welding-induced residual stress for various external
stress ratios. As expected, the effect of stress ratio of externally applied load, R, on crack growth rate with residual stress was smaller
compared to that without residual stress. This finding aligns with experimental research [46]. Furthermore, the crack growth rate
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with residual stress at any external stress ratio was closely aligned with the crack growth rate without residual stress at high stress
ratio. This numerical result is in agreement with test data from [47,48]. When analysing welding-induced residual stress, it was
found that the minimum stress intensity factor consistently remained positive, even in cases of a load ratio of the external load of
R = —1. The effective stress intensity factor ratio is plotted along the crack front for various crack increments for the simulations
with residual stresses with R = 0 in Fig. 20(a) and R = -1 in Fig. 20(b). The position along the crack front is denoted by the
projected ellipsoidal angle, 6, as defined in Fig. 8. Both graphs show that the effective stress intensity factor ratio had a value of
approximately 0.6 along the crack front throughout the entire simulation, but it decreased slightly at the deepest point as the crack
grew.

Fig. 21 presents the redistribution of the transverse residual stresses in thickness direction along the Z,; . axis as presented in
Fig. 8. Additionally, the residual stress field in the uncracked body is presented as well as the residual stress field described in [49]
and implemented in BS7910 [43]. Extrapolation of the redistributed residual stresses was used from the nodal value closest to the
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crack front towards the crack front. This is indicated by the dotted lines. At the considered location, the transverse residual stresses
were in tension over the entire thickness. As welding induced residual stress is self-balancing, these tensile stresses were compensated
by compressive stresses at the edges of the plate. Due to the presence of the crack, the geometry deformed and this caused an increase
of stresses at the crack front. As the crack grew, the residual stress at the crack front remained at a high (tensile) value, despite
the residual stress decaying in the depth direction in the uncracked body. This finding aligns with the experimental measurements
on a through-thickness crack by Servetti et al. [15]. The current simulation shows how the residual stress field redistributed as the
crack grew. Fig. 22 presents the redistribution of the transverse residual stresses along the weld toe of Pass 1 (see Fig. 2). A similar
trend was found at the surface points of the crack were the redistributed residual stresses were found to be higher than the initial
residual stresses without the crack.

Fig. 23 shows the stress intensity factor, resulting from welding-induced residual stresses in the current model, plotted for the
deepest point of the crack. Additionally, the weight function method (WFM) [50] was used in which the residual stresses were
described by a polynomial function, following [51]. Both the linear trend of the residual stress, as described in [49] and included
in BS7910 [43], and the trend from the current welding simulation were analysed using the WFM. The results show that linear
decaying residual stress, as described by BS7910 [43], provides stress intensity factors that are conservative for the studied case.
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This results from the description of the residual stress field in the uncracked state where the residual stress in the current model
is significantly lower than the linear description provided by the BS7910 [43]. Finally, a good agreement was found between the
results from the current model and the WFM where the description of the residual stress from the current model was implemented.
As the weight function method is unable to account for deformations of the whole body, this implies that the deformation changes
due to a growing crack have limited influence on the stress intensity factor for the studies case at the deepest point of the crack.
However, these deformations cause the stress at the surface point to increase with increasing crack size as shown in Fig. 22. These
results show that the more detailed description of the residual stress field had a significant influence on the stress intensity factor.

4. Concluding remarks

A welding simulation was performed to determine the influence of the welding-induced residual stresses in a T-joint for different
geometry and welding parameters. The methodology was validated by FE-results and with experimental measurements from various
other studies available in literature. A subsequent crack growth simulation was performed to study the effect of the welding-induced
residual stresses on crack growth and the effect of crack growth on the redistribution of the residual stresses. The main conclusions
are:

» Increasing the base plate thickness led to a significant increase in transverse residual stress due to the higher constraints during
weld shrinkage. The peak residual stress was two times higher for a 30 mm thick plate than a 10 mm thick plate.
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Varying the length of the specimen resulted in a change in the location of the peak transverse residual stress. The tensile
residual stress peak was located at 17% and 25% of the plate edges for specimen lengths of 200 mm and 300 mm, respectively.
The external stress ratio did not significantly influence the crack growth rate in the presence of welding-induced residual
stresses. While varying the external stress ratio, the effective stress intensity factor ratio of the model including residual stresses
remained at an almost constant value of approximately 0.6 for the geometry considered.

The residual stress field changed as the crack grew, in such a way that the stress at the deepest point of the crack remained
approximately equal in the model prediction.

There was a significant difference between the stress intensity factor due to residual stress of the current model and the
formulation outlined in BS7910. The detailed description of the residual stress field of the current model led to lower stress
intensity factors. The stress intensity factors due to residual stress can be accurately estimated with the weight function method
for the studied geometry.
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